In this paper, we demonstrate a new benchmark for a large area photoelectrochemical-photovoltaic (PEC-PV) solar water splitting device with a metal oxide-based top absorber. The stand-alone 50 cm 2 device consists of cobalt phosphate-coated tungsten-doped BiVO 4 (CoP i /W:BiVO 4 ) photoanodes combined with series-connected silicon heterojunction (SHJ) solar cells. We highlight the performance limitations for large area BiVO 4 photoanodes and present initial attempts in overcoming these challenges. Specific challenges encountered are (i) the high resistivity of the FTO substrate, (ii) non-uniform CoP i deposition, and (iii) limited ionic conductivity of the 0.1 M phosphate buffer electrolyte typically used for small area BiVO 4 devices. The former two problems were overcome by applying Ni lines to the FTO substrate, and the latter to some extent by increasing the electrolyte concentration to 2.0 M. Despite the high buffer concentration, the overall performance of the large area photoelectrodes was found to be limited by H + / OH À transport in this near-neutral pH electrolyte. This limitation results in H + /OH À depletion towards the center of the large area electrode and significant potential drop, which can be overcome by implementing a cell design with a small electrode-area-to-electrolyte-volume ratio. Our optimized photoanodes were then integrated into tandem PEC-PV devices in either a single or dual photoanode configuration. These 50 cm 2 PEC-PV devices demonstrate solar to hydrogen (STH) efficiencies of 1.9% (single CoP i /W:BiVO 4 and 2-series connected SHJ cells) and 2.1% (dual CoP i /W:BiVO 4 and 2-series connected SHJ cells). Optimized small area (0.24 cm 2 ) PEC-PV devices based on a similar configuration show a STH efficiency of up to 5.5%. Our results illustrate the challenges involved in the scale-up of solar water splitting devices and underline the importance of increased electrochemical engineering efforts in this developing field. † Electronic supplementary information (ESI) available: Photographs of BiVO 4 samples, XRD of BiVO 4 samples, SEM images of BiVO 4 samples, internal resistance model, substrate resistivity model, spectral irradiance distribution, estimation of buffering capacity, video of oxygen evolution from the large-scale PEC-PV device. See
Introduction
Solar water splitting is expected to be a central component for any future fossil fuel-free energy infrastructure that relies on chemical fuels as an energy vector. 1 The produced hydrogen can either be used directly as a chemical fuel, or as a feedstock to produce other fuels or ne chemicals. Direct photoelectrochemical (PEC) water splitting (i.e., where light absorption and chemical reactions occur in the same device) offers several advantages over photovoltaic-driven electrolysis, such as the possibility of using earth-abundant catalysts due to lower operating current density and utilizing waste heat to enhance the electrochemical reaction kinetics. 1 Among the various light absorber materials available as photoelectrodes in a practical PEC device, which need to be low cost, scalable, stable and highly efficient, metal oxides have attracted much attention as promising candidates. Bismuth vanadate (BiVO 4 ) is one of these promising metal oxides and can be used as a photoanode. 2, 3 A particularly interesting feature of BiVO 4 is its relatively low onset potential, which is typically $0.2-0.4 V RHE (potential with respect to reversible hydrogen electrode, RHE) with appropriate surface modications. 4, 5 We, and others, have reported various strategies to modify and improve the performance of BiVO 4 photoanodes, including homogeneous and gradient doping, 5, 6 surface modication with co-catalysts, 5-7 formation of hetero-/ homo-junctions, 8, 9 and nano-structuring. 4 Photocurrent densities as high as 6.7 mA cm À2 at 1.23 V RHE in nanostructured heterojunction samples have been reported using tungsten oxide nanorods as scaffolds for the BiVO 4 top layer with cobalt phosphate (CoP i ) surface modication. 8 This is very close to the theoretical maximum AM 1.5G photocurrent density that can be achieved with BiVO 4 ($7.5 mA cm À2 based on its 2.4 eV bandgap).
Building on the impressive progress in PEC materials development in the past 10-15 years, focus has now turned towards fabricating practical stand-alone PEC water splitting devices 10 and understanding the long-term stability of this material. 11 Integrated tandem devices based on the combination of a BiVO 4 -based photoanode as a wide-bandgap top absorber and various types of bottom absorbers have been reported in the literature. The bottom absorbers are usually photovoltaic (PV) cells based on e.g. Si, 6, 13, 25 organic PV (OPV), 19 dye-sensitized solar cells (DSSC), 16 or lead-halide perovskites, 14, 18, 21, 22 but other metal oxide-based photocathodes 12, 23 have also been used. An overview of these tandem devices is shown in Table 1 . Moderate efficiencies are feasible with such modular PEC-PV or PEC-PEC device congurations, with more than half of the devices in Table 1 showing STH efficiencies between 4-8%. Many of these devices employ low-cost and scalable deposition techniques based on solution processing, such as spray pyrolysis and drop-casting. Although the efficiencies are still much lower than the 20-30% benchmark of PVdriven electrolysis (PV-EC) devices, 26, 27 the potential for cheaper renewable hydrogen through device integration, the use of stable and abundant materials, and the ability to use waste heat to accelerate the electrochemical reactions provide a strong motivation to continue efforts in developing metal oxide-based solar water splitting devices.
With STH efficiencies of PEC-PV water splitting devices approaching 10%, the next step is to move beyond laboratory experiments and demonstrate large area PEC-PV water splitting devices. Several modeling and simulation papers have indeed investigated device scale-up, [28] [29] [30] but most experimental studies thus far (see Table 1 ) have only demonstrated devices with active areas less than 1 cm. 2 Notable exceptions are the work of Turan et al., who reported a 64 cm 2 PV-EC module (consisting of identical 13 base units) based on Si heterojunction solar cells and nickel catalysts with 3.9% STH efficiency, 24 and the impressive 1.6 m 2 PEC-PV system reported by the ARTI-PHYCTION consortium. The latter is based on combining BiVO 4 photoanodes side-by-side with silicon solar cells (i.e., it is not a true tandem system) to form a total device area of 64 cm 2 . 25 The efficiency of this system was not reported. Although no standalone device was demonstrated, Lu et al. very recently reported the fabrication of cobalt-doped BiVO 4 (Co:BiVO 4 ) photoanodes with an area of up to 300 cm 2 . They showed that simply increasing the electrode area decreases the photocurrent by a factor of $5. 31 These types of losses have been observed elsewhere in the scale up of metal oxide photoanodes. 32 However, no detailed analysis of the underlying reasons for the lower photocurrent densities for the large area photoanodes (25 and 300 cm 2 ) as compared to the smaller area (1 cm 2 ) was made.
These studies show that efforts on large-area demonstrator devices need to be intensied, as they will reveal scale-up challenges and limitations that would otherwise go unnoticed in small scale laboratory experiments. For example, the efficiency of small area PEC-PV devices is mainly determined by the performance of the photoelectrode, surface co-catalyst, and PV cell. For larger area PEC-PV systems, however, factors like electrode and electrolyte conductivity, photoelectrode uniformity, pH gradient, and light scattering caused by gas bubbles may dominate the overall device performance.
In this paper, we report the rst large area (50 cm 2 ) standalone PEC-PV water splitting tandem device based on a BiVO 4 photoanode and silicon heterojunction solar cells. Using a single-nozzle spray pyrolysis system, uniform deposition of BiVO 4 thin lms with areas ranging from 1 cm 2 up to 100 cm 2 can be obtained by simply adjusting the carrier gas ow rate, thus making it a suitable technique for low-cost large area fabrication. We compare the performance of the large area BiVO 4 photoanode with the small area equivalent, and nd that the substrate and electrolyte conductivity limit the performance of the large-area photoanode. By electrochemical engineering we were able to overcome the electronic and part of the ionic conductivity losses and achieve an AM1.5G photocurrent of $1.7 mA cm À2 at 1.23 V RHE using 50 cm 2 1% W-doped BiVO 4 dual photoanodes. 33 Further improvement of this large-scale photoanode is currently hindered by the limited proton conductivity in the electrolyte. The 'dual photoanode' conguration was then combined with two series-connected Si heterojunction (SHJ) solar cells in a tandem conguration to construct a large area stand-alone PEC-PV water splitting device with an STH efficiency of 2.1%. While this is still lower than the 5.5% STH efficiency we achieve for the corresponding small area devices (using two series-connected SHJ), the active area is more than two orders of magnitude larger. The 50 cm 2 device we demonstrate here represents a new benchmark for large area PEC-PV solar water splitting tandem device with a metal oxidebased top absorber.
Results and discussion
1. PEC performance of 50 cm 2 BiVO 4 photoanode for sulte oxidation Fig. 1 shows the PEC performance of typical small area (0.24 cm 2 ) and large area (50 cm 2 ) W-doped BiVO 4 photoanodes. In order to eliminate any charge transfer limitations, 0.5 M Na 2 SO 3 was added to the 0.1 M KP i buffer (pH 7) electrolyte as a hole scavenger. Sulte has been shown to inhibit surface recombination and promote charge transfer to the electrolyte due to the more favorable thermodynamics and faster reaction kinetics. 6, 34 As seen in Fig. 1 , there is a signicant discrepancy in the photocurrent density between the small and large area samples. The optimized small area W:BiVO 4 samples can produce a photocurrent of $3.3 mA cm À2 at 1.23 V RHE with a photocurrent onset potential of $0.4 V RHE. In contrast, the photocurrent density for a typical large area (50 cm 2 ) W:BiVO 4 sample is only $1.2 mA cm À2 at 1.23 V RHE . The main causes of the $65% loss in photocurrent and possible measures to avoid it are the main focus of this paper and are discussed below.
The drop in the photocurrent is presumably caused by ohmic losses in the system due to e.g. resistance of the FTO substrate, nite conductivity of the electrolyte solution, and/or contact resistance(s). Since detailed modeling of these losses typically requires 2D numerical calculations, we rst consider a simple model that captures all losses in the form of a single internal resistance, R int . Using this model, which is described in more detail in ESI Note S1, † and assuming that the photocurrent density is the same everywhere and equal to that of the small area sample of Fig. 1 , we calculated the expected photocurrent for a 50 cm 2 photoelectrode for different values of R int . The results are shown in Fig. 2 . The curves show a reasonable overlap with the measured data for an actual 50 cm 2 BiVO 4 photoelectrode (solid red curve) for an internal resistance value of $10 U. At a potential of 1.23 V vs. RHE the voltage loss in the 50 cm 2 photoanode is about 0.6 V (see arrow in Fig. 2 ), consistent with current density at this potential (1.2 mA cm À2 Â 50 cm 2 Â 10 U z 0.6 V).
1.1 Substrate conductivity. The internal resistance of $10 U is comparable to the sheet resistance of the FTO (7 U sq À1 ). It is, therefore, tempting to conclude that the losses are due to the FTO. The 1.4Â larger value could then be explained by the rectangular shape of the photoelectrode (7 Â 12 cm 2 ). Carver et al. have indeed identied resistive losses in the FTO substrate as a crucial factor that may limit the performance of a large area (100 cm Â 100 cm) photoelectrode. 35 To determine if this is also the case for our (much smaller) BiVO 4 photoelectrodes, a DC conductivity model was utilized to determine the potential drop across the FTO substrate for the small and large area photoanodes. The modeling approach we used is similar to the one used by Carver et al., with the important addition of considering anisotropy in our model (see ESI Note S2 † for detailed description of the model and simulation). 35 Fig. 3a and b show the simulated potential drops across the large (50 cm 2 ) area photoanode, calculated for a photocurrent density of 3 mA cm À2 . Fig. 3a shows that with contacts only around the edges of a large area photoanode (5 Â 10 cm 2 ), the potential drop increases towards the center of the photoanode reaching a maximum of 62 mV. In contrast, as shown in Fig. S3 , † the small area (0.24 cm 2 ) sample with the same current density only exhibits a maximum potential drop of 2 mV (i.e., $30-fold smaller). The value calculated for the large area photoelectrode (62 mV at 3 mA cm À2 ) is more than an order of magnitude smaller than the voltage drop calculated with the simple internal resistance model described above (0.6 V at 1.2 mA cm À2 , Fig. 2 ). From this, we conclude that the similarity between the estimated "internal resistance" ($10 U) and the sheet resistance of the FTO is misleading and that the main resistive losses occur elsewhere in the system.
A voltage loss of 62 mV in the FTO is not negligible and mitigation of this loss would still be useful, especially when the area of the photoanode is increased beyond 50 cm 2 and higher photocurrent densities are considered. Our calculations fall in line with what has been previously reported for the resistive losses caused by large area FTO substrates. 36 This problem has also been encountered in photovoltaic cells, where the sheet resistance of FTO used as a top contact layer is too high for efficient current collection. 37 This is typically resolved by depositing highly conductive metallic busbars on the front contact of the PV cells. Since these metallic busbars partially block light from reaching the PV junction, a tradeoff has to be made between optical exposure and current collection by optimizing the thickness, spacing, and pattern of the grid lines. Taking the same approach as in photovoltaics, we investigated the deposition of conductive lines to overcome the ohmic losses in the substrate. The maximum potential drop in the middle between two metallic lines, V drop , is a function of the FTO sheet resistance, R sh , the photocurrent density, J photo , and the distance between metallic lines, w, and can be estimated using eqn (1) . This equation, which is derived in ESI Note S3, † assumes that the generated photocurrent density is the same everywhere and that edge effects can be ignored. Calculated values of the potential drop for different line spacings and current densities are shown in Fig. S5 . † To limit the potential drop to <5 mV at photocurrent density of 3 mA cm À2 , the metallic lines need to be separated by about 1 cm. We have also simulated the distribution of this potential drop using the DC conductivity model ( Fig. 3a and b) . Indeed, the addition of metallic lines spaced 0.9 cm apart results in a maximum potential drop of only $3 mV at 3 mA cm À2 .
Based on these calculations, 200-300 nm thick Ni lines with a 2 mm width and a spacing of 9 mm were electrodeposited onto the FTO substrates prior to deposition of the W:BiVO 4 layer (Fig. 3c ). The resistance of the Ni lines, measured over a distance of 2 cm, is ca. 1.5 U and did not change signicantly aer annealing at 450 C ( Fig. S6 †) . As shown in Fig. 3d , a signicant improvement is observed at low photocurrents, just above the onset potential. At photocurrents beyond 0.8 mA cm À2 the improvement becomes less pronounced, which suggests that another process becomes performance-limiting at these current densities (see section 2.2). The Ni lines improve the average AM1.5G photocurrent by ca. 30% to 1.5 mA cm À2 at 1.23 V RHE . Despite this improvement, the photocurrent is still a factor of 2 below the photocurrent density for the small area sample. It is important to consider that under back side illumination, the Ni lines block light from reaching the W:BiVO 4 layer. This effectively renders the area covered by the Ni lines inactive. For an average sample, we deposited 9 Ni lines ($0.2 Â 5 cm 2 each) within the active area of the photoanode, which decreases the total active area from 50 cm 2 to 41 cm 2 . Note, however, that we always use a value of 50 cm 2 for calculating the photocurrent density. This corresponds to the 'designated illumination area'. 38 The reported values are thus conservative, and can be signicantly improved by optimizing the geometry of the Ni lines. This is, however, beyond the scope of this study.
1.2 Film quality and uniformity. Other possible causes for a decrease in photocurrent density when scaling up the photoelectrode area are the quality and uniformity of the W:BiVO 4 thin lms. To ensure a homogeneous thickness over a larger deposition area with a single spray nozzle, we used a higher spray rate than for the small area samples (see Experimental procedures and Fig. S7 †) . X-ray diffraction analysis shows that the monoclinic scheelite phase is present in the large and small area samples (Fig. S8 †) . To investigate if the photoactivity of the lm is also homogeneous, we cut two small pieces (1 Â 2 cm 2 ) from a 50 cm 2 W:BiVO 4 photoelectrode: one from the center and another from the edge. We observe no apparent thickness difference between the BiVO 4 layer at the center and edge; scanning electron microscopy (SEM) shows that the lm thickness is $200 nm ( Fig. S9 †) , which is consistent with our previous reports on small area W:BiVO 4 . 6, 39 The photoelectrochemical performance of these two pieces (measured with an illuminated area of 0.24 cm 2 ) is the same and nearly identical to that of the original small area W:BiVO 4 electrodes (see Fig. 1 ). We therefore conclude that the quality of the deposited lm is uniform for samples up to 50 cm 2 in size, and that this is not the cause of the discrepancy between the small and large area samples.
To investigate whether the uniformity of the large area W:BiVO 4 photoanodes is affected by the deposition of Ni lines, different parts of the electrode were masked. As shown in Fig. 4 , the 5 Â 10 cm 2 samples were divided into four equal parts of 12.5 cm 2 each. The AM1.5G photocurrents of each part are shown in Fig. 4 , and the variation between the samples remains minimal (less than AE13%). Interestingly, even with a smaller illumination area (12.5 cm 2 ) the measured photocurrent density is still close to 1.5 mA cm À2 , matching that of the large area under full illumination (50 cm 2 ). This implies that other factors not yet considered limit the photocurrent density, which will be discussed in the next section.
PEC performance of 50 cm 2 BiVO 4 photoanode for water oxidation
One major difference between the measurements for the small and large area samples is the size of the photoelectrochemical cell used. The larger volume may lead to higher ohmic losses in the electrolyte and less efficient transport of the ionic species relevant for the oxygen evolution reaction (i.e., H + or OH À ). To investigate this, the photoanodes in this section are modied with CoP i and measured in a 2.0 M KP i buffer (without hole scavenger) in order to ensure efficient charge transfer and fast water oxidation kinetics. 6, [39] [40] [41] 2.1 Uniformity of large area cobalt phosphate (CoP i ) deposition. As shown in Fig. 5a , without hole scavenger and without CoP i surface modication, the photocurrent density at 1.23 V RHE is less than 0.5 mA cm À2 (orange curve), since the large area W:BiVO 4 is severely limited by surface recombination. 40 It should be noted that 2 M KP i buffer concentration was used in order to avoid ionic conductivity limitations (vide infra). CoP i deposition onto the W:BiVO 4 surface was able to suppress this recombination and enhance the photocurrent (green curve), consistent with our previous report for small-area W:BiVO 4 . 6 At sufficiently positive potentials the photocurrent approaches the hole scavenger photocurrent (blue curve); the discrepancy at modest applied potentials is due to moderate charge injection efficiency. 6,7 A photocurrent density of 1.5 mA cm À2 at 1.23 V RHE was achieved for water oxidation with 50 cm 2 CoP i -modied W:BiVO 4 electrodes.
The importance of the Ni lines during the photoelectrodeposition of CoP i is illustrated in Fig. 5b . Without Ni lines, we obtained a rather poor coverage quality of CoP i (see inset of Fig. 5b ), which subsequently results in a poor water oxidation performance. The coverage of CoP i is very much improved with Ni lines. We speculate that the improved homogeneity of CoP i is arising from the uniformity of the potential drop across the substrates with Ni Lines. At the initial stage of CoP i photo-electrochemical deposition, we observe a large spike in the anodic photocurrent density for all samples, as is typical for photoelectrodeposition of CoP i . 42, 43 This initial photocurrent contributes signicantly to the nucleation and growth of CoP i . As conrmed in Fig. 3a and b, at relatively high current densities (>3 mA cm À2 ), a potential drop >70 mV can be expected within the central region of the samples without Ni lines. Such a potential drop could inhibit CoP i nucleation and therefore lead to the non-uniform deposition of CoP i in these large area samples. Interestingly, the distribution of CoP i deposited on the samples without Ni lines (inset of Fig. 5b ) closely resembles the color gradient plots of the potential distribution across a 5 Â 10 cm 2 photoanode without Ni lines (see Fig. 3a ). We therefore conclude that the combination of (i) applying Ni lines to the FTO substrate and (ii) photoelectrodeposition of CoP i is essential to improve the photocurrent of large area W:BiVO 4 photoanodes for water oxidation.
2.2 Electrolyte conductivity limitations. Another possible scale-up limitation that we have already briey alluded to is the electrolyte conductivity. For PEC water oxidation with BiVO 4 , a KP i buffer (pH 7) electrolyte is commonly used. This serves as the supporting electrolyte to ensure a sufficiently high conductivity, but it also serves to stabilize the pH of electrolyte and maintain the stability of the CoP i overlayer. 44 A KP i concentration of 0.1 M is typically used for PEC measurements of small area BiVO 4 electrodes by our group and others; 4, 5, 7, 15 this concentration was also initially used for our large area electrodes. However, while such a low concentration may provide enough ionic conductivity for a small area electrode conguration, it may not be enough for a large area electrode. This is simply caused by the fact that the distance between electrodes in a large area conguration (up to 6 cm in our large area PEC cell) is much greater than that in a small area conguration (<1 cm).
To better understand the role of electrolyte conductivity, we rst measured the specic conductivities for a series of KP i electrolytes at pH 7 as a function of concentration ( Fig. S10 †) .
The conductivity values in Fig. S10 † are consistent with previously reported values for these electrolytes. 45 The electrolyte conductivity shows a non-linear increase with electrolyte concentration, especially at higher concentration. The nonlinearity is caused by the increasing interaction between the ions, resulting in a decrease in molar conductivity with increasing concentration. 46 Fig . 6 shows the photocurrent measured at 1.23 V RHE as a function of electrolyte concentration for the small and large area CoP i /W:BiVO 4 photoanodes, normalized to the photocurrent measured in 0.1 M KP i . For the small area electrode, it is clear that KP i concentrations from 0.1 M to 2.0 M have no effect on the overall photocurrent. This indicates that a 0.1 M KP i buffer solution provides sufficient ionic conductivity for small area PEC cells (<1 cm 2 ), even at neutral pH. For the large area electrode, on the other hand, the photocurrent is found to increase with increasing electrolyte concentration. This correlation is not specic to phosphate buffer, since a similar dependence was also observed when measurements were performed in sodium sulfate (Na 2 SO 4 ) electrolyte (see Fig. 6 ). In KP i buffer, the photocurrent can be improved by 40% by simply increasing the KP i concentration from 0.1 M to 2.0 M. Concentrations of KP i greater than 2.0 M were not used in this investigation, since the saturated solution would rapidly precipitate on the walls of the cell and bubbles would begin to stick to the electrodes. Using the measured electrolyte conductivity of the KP i buffer, the potential drop between a 50 cm 2 BiVO 4 photoanode and the Pt counter electrode can be estimated using a simple iR model. The average distance between the working and counter electrodes in our large area PEC cell, shown in Fig. S11 , † is estimated to be 3 cm. This leads to an overall potential drop across the electrolyte of ca. 600 mV for a 0.1 M KP i solution (15 mS cm À1 ) and a photocurrent density of 3 mA cm À2 . In contrast, when a 2 M KP i solution is used with a conductivity of 130 mS cm À1 , the potential drop decreases by almost an order of magnitude to ca. 69 mV. Despite the improvements by the deposition of Ni lines and increasing the electrolyte concentration, the photocurrent of the large area W:BiVO 4 (1.5 mA cm À2 at 1.23 V RHE ) is still well below its small area equivalent. Our calculations indicate that the remaining ohmic losses for photoanodes with Ni lines in 2 M KP i electrolyte would amount to approximately 3 + 69 ¼ 72 mV for a photocurrent density of 3 mA cm À2 ; this voltage drop cannot explain the photocurrent difference between the small and large area electrode. Instead, we tentatively attribute this discrepancy to the low concentration ($10 À7 M) of H + /OH À species at neutral pH. At such low concentrations, diffusion of these species cannot keep up with the rate at which they are generated (H + ) and consumed (OH À ), resulting in local enhancement and depletion, respectively, of these species. This results in a local decrease of the pH near the photoanode surface and a corresponding positive shi of the Nernst potential of the oxygen evolution reaction that will lead to a decrease in photocurrent. We note that in the KP i buffer electrolyte, due to the low concentration of OH À , the actual species that is oxidized is water, 47 resulting in the formation of protons that have to diffuse away from the surface. Moreover, the transport of H + /OH À is essentially governed by the movement of buffer components (i.e., the H 2 PO 4 À and HPO 4 2À ions); the term "effective H + /OH À conductivity" would therefore be more appropriate here.
To further conrm that H + /OH À transport limits the performance, we performed two-electrode electrochemical water splitting experiments in the dark. We used two sets of identical Pt-coated FTO electrodes, one set with a surface area of 0.24 cm 2 for each electrode, and one set with a 40 cm 2 electrode area. The large-area FTO/Ag/Pt electrodes are highly conducting, with a resistivity that is ca. 60 times smaller than that of bare FTO (Fig. S12 †) . The two electrodes in each set are placed in a large beaker and are oriented parallel to each other, separated by a distance of 2 cm (see Fig. 7a and S13 †). For each set of electrodes, we measured the J-V curves in 2.0 M KP i (pH 7) and in 0.6 M KOH (pH 13). The KOH concentration was chosen to ensure that the total electrolyte conductivity is the same as that of the 2.0 M KP i (130 mS cm À1 ). The results are shown in Fig. 7a . For the large-area electrodes, the pH 7 electrolyte (solid red curve) requires much higher overvoltages than the pH 13 solution (dashed red curve). Using eqn (1), the voltage drop within the FTO/Ag/Pt electrodes is calculated to be less than 23 mV for a current density of 10 mA cm À2 . This shows that most of the voltage drop occurs in the electrolyte. This is indeed consistent with hypothesis that a low concentration of H + /OH À limits the water splitting current. For the small-area electrode, the results seem counterintuitive at rst; the J-V curves almost overlap for the pH 7 and pH 13 solutions (solid and dashed blue curves, respectively). This can, however, be understood when realizing that the radius of the electrodes ($0.3 cm) is much smaller than the distance between them (2 cm). This means that for the pH 7 measurement, the OH À species can be replenished from the surrounding electrolyte, 48, 49 i.e., the bulk electrolyte volume beyond the cylindrical volume between both electrodes (Fig. S13B †) . To verify this, we constructed a cell in which the electrolyte was restricted to the cylindrical volume between the two small-area electrodes (Fig. S13C †) . The resulting J-V curves for the 'restricted' conguration are shown in green in Fig. 7a . In contrast to the 'unrestricted' conguration, the J-V curve recorded in the pH-neutral KP i electrolyte (solid green curve) shows a much larger overvoltage than the measurement in 0.6 M KOH (dashed green curve). The pronounced differences between the restricted and unrestricted curves provides direct evidence that diffusion of OH À species from the surrounding electrolyte mitigates the depletion of OH À species and leads to a reduction in the required overvoltage.
It should be noted that even at pH 13, the restricted conguration (dashed green curve) shows a few tenths of a volt more overvoltage than the unrestricted conguration (dashed blue curve). This indicates that even at these high pH values and relatively modest current densities, depletion of OH À can become an issue. While further increase of the pH will help to mitigate this, it may also lead to corrosion of the (photo)electrode. A better strategy would be to decrease the distance between the electrodes and/or to reduce the electrode area-toelectrolyte volume ratio in order to facilitate the replenishment of OH À from the surrounding electrolyte.
To visualize the data from Fig. 7a in a different manner, we plotted the differences in required overvoltages under various conditions as a function of current density (Fig. 7b ). The black curves show the additional overvoltage needed when scaling a small area electrode to a large area at pH 7 and at pH 13. The difference in slopes show that the resistive losses for scale-up to 50 cm 2 are $3 times higher at pH 7 than at pH 13, despite the fact that both electrolytes have the same total ionic conductivity (130 mS cm À1 ). The red curves show the additional overvoltage needed when 'restricting' the electrolyte volume around a small area electrode at pH 7 and at pH 13. The difference in slope for both pH values is again a factor of 3. The perfectly linear slopes of all curves in Fig. 7b conrm that the voltage losses due to scale-up and restriction of the electrolyte volume are purely resistive in nature. This is consistent with the notion that these losses are due to mass transport limitations of OH À . One unexpected observation is that not all curves in Fig. 7b go exactly through the origin, which is what one would expect for purely resistive losses. We attribute this to slight variations in the concentration of dissolved oxygen gas during the experiments. This induces Nernstian shis in the potentials of the electrochemical half-reaction which affects the onset potential of the current-voltage curves.
Interestingly, the additional resistivity introduced by restricting the electrolyte volume in a small area cell at pH 13 is comparable to the resistivity introduced by scale-up of this same cell from 0.24 cm 2 to 50 cm 2 at the same pH (red vs. black triangles in Fig. 7b ). This clearly shows that diffusion (or lack thereof) of OH À species from the surrounding electrolyte can have a profound inuence on the resistive losses in the system.
These results again show that the depletion of H + /OH À at the surface of the electrodes-as a result of the low initial concentration (neutral pH) and restricted diffusion from the surrounding electrolyte-is the main cause of efficiency losses when scaling up small area electrodes. A possible engineering approach to avoid such limitations is to divide a single largearea electrode into multiple segments in order to optimize ow patterns and avoid undesired pathways for ionic species. 50, 51 Finally, although not demonstrated here, we note that the moderate electrolyte conductivity may also result in a spatial distribution of the surface potential across the large area BiVO 4 photoanodes, known to further limit the PEC performance of large area photoelectrodes. Hankin et al. recently reported that without an appropriate electrode conguration and electrolyte conductivity, a 10 Â 10 cm 2 hematite (a-Fe 2 O 3 ) photoanode would exhibit inhomogeneous spatial distribution of surface potentials and current densities. This would be detrimental to the resultant hydrogen/oxygen evolution efficiencies. It was also stated that for a-Fe 2 O 3 photoanodes with an area of 10 Â 10 cm 2 , an electrolyte concentration in excess of $1 M KOH would be required. 28 
Unassisted PEC-PV water splitting devices
In the previous sections we have outlined our efforts to improve the PEC performance of large area W:BiVO 4 photoanodes and minimize the discrepancy with the small area samples. The next step is to integrate these large-area photoanodes into complete PEC-PV water splitting devices.
The W:BiVO 4 photoanodes was placed in front of seriesconnected silicon heterojunction (SHJ) solar cells (positioned side-by-side), each with an area of 25 cm 2 . In this stacked conguration, the light interacts with the different device components in the following order upon entering: glass/FTO/ BiVO 4 /CoP i /electrolyte/glass/SHJ. The advantage of this conguration is that the BiVO 4 electrode is illuminated via the back side, which gives higher photocurrents than front-side illumination. 6, 52, 53 Furthermore, the Pt mesh counter electrodes were placed at both sides of the photoanodes outside of the light path and were connected to the n-terminal of the SHJ solar cells. The twoelectrode J-V curves of the 50 cm 2 CoP i /W:BiVO 4 photoanode and of the series-connected SHJ cells (placed behind the BiVO 4 electrode) are shown in Fig. 8a . From the intercept of these individual curves, an operating photocurrent of 1.5 mA cm À2 at ca. 1.23 V is expected. Indeed, the measured short-circuit photocurrent density (at zero bias) of the integrated device is ca. 1.5 mA cm À2 , as shown in Fig. 8b . This corresponds to an STH efficiency of 1.9%.
Our PEC cell conguration also allows for the use of two stacked BiVO 4 photoanodes in conjunction with the PV cells. In this so-called "dual photoanode" conguration the total amount of light absorbed by the BiVO 4 is distributed over two photoanodes, which offers a solution for the usual trade-off between optical absorption and carrier diffusion length in metal oxide photoelectrodes. 15 As shown in Fig. 8c and d , the PEC-PV cell employs the rst CoP i /W:BiVO 4 layer as the front window of the cell (back-side illuminated, BSI), and the second CoP i /W:BiVO 4 layer as its back window (front-side illuminated, FSI), with the Si solar cells also attached to this back window. The second BiVO 4 photoanode provides an additional photocurrent of 0.21 mA cm À2 at 1.23 V RHE , which originates from the remaining supra-bandgap photons that were not absorbed by the rst W:BiVO 4 photoanode. The two-electrode J-V curve of the dual CoP i /W:BiVO 4 photoanode is also shown in Fig. 8a (red  curve) ; a ca. 10% improvement is obtained by the dual photoanode conguration. This results in an average operating photocurrent density of ca. 1.72 mA cm À2 (Fig. 8b) . This corresponds to an STH efficiency of 2.1%, which, to the best of our knowledge, represents a new performance record for a large area (>10 cm 2 ) solar water splitting PEC-PV device based on metal oxide photoelectrodes.
To illustrate the signicance of the BiVO 4 photoanodes to the overall device performance, a cell consisting of a Pt cathode/ 2 series-connected SHJ/Pt anode was also tested. Upon direct illumination to the SHJ cells, only a negligible photocurrent and STH efficiency (<0.1%) was achieved. Table 2 . 8b) showed that both the single and dual photoanode devices displayed pronounced transients during the rst 100-200 s, aer which the photocurrent remains relatively stable. During these measurements the formation of bubbles at the electrodes could be clearly observed (see Video in the ESI †). The electrolyte required constant agitation with N 2 purging in order to release the bubbles from the surface of the electrodes and to prevent them from scattering the light away from the series-connected Si PV cells (and the second photoanode). Without this N 2 purging and agitation, the photocurrent drops rapidly within the rst 1-2 min of operation due to rapid bubble formation that block the optical pathway to the back electrode and PV (second W:BiVO 4 and Si PV). These observations show that a full recirculation system is needed for long-term operation of the device. Long term stability measurements of the single and dual large area PEC-PV devices, presented in Fig. S14 , † shows a turbulent (due to N 2 bubbling), and relatively stable photocurrent density for up to 7 hours. The total amount of photo-generated charge that passed during these experiments exceeds the amount needed to photo-corrode the 200 nm BiVO 4 lm by a factor of $110 (assuming 8 holes are needed to photodissolve one BiVO 4 unit), and exceeds the amount of charge needed to deposit the CoP i by a factor >600. This means that the faradaic efficiency is >99%.
summarizes the
It should be noted that the efficiencies mentioned above do not take into account chemical recombination due to crossover of oxygen to the cathode side. Since no membrane was used, crossover will indeed occur, which would lower the actual solarto-hydrogen efficiency. However, this does not affect the STH values determined from the measured photocurrent.
In an attempt to further improve the efficiency, we used a hydrogen annealing treatment for the BiVO 4 photoelectrodes. We recently reported that a mild hydrogen treatment (300 C anneal in 2.4% H 2 /Ar for 10 minutes) effectively enhances the charge carrier lifetime in BiVO 4 photoanodes. 54 Applying the same hydrogen treatment to a small area W:BiVO 4 photoanode also results in signicant improvement of the photocurrent, as shown in Fig. 9a ; AM1.5G photocurrent of 4.0 mA cm À2 was achieved at 1.23 V RHE for the hydrogen-treated tungsten-doped BiVO 4 (H,W:BiVO 4 ). By combining two CoP i /H,W:BiVO 4 electrodes in a dual photoanode conguration with 2 seriesconnected SHJ solar cells, a 0.24 cm 2 PEC-PV device with an operating photocurrent of 4.5 mA cm À2 is achieved (Fig. 9b) . This corresponds to an STH efficiency of 5.5%, which is amongst the highest reported efficiencies for an oxide-based solar water splitting device (Table 1) . Combination with three series-connected SHJ cells gave an even higher efficiency of 6.3%. It should be noted that three series-connected SHJ cells can split water even without the BiVO 4 photoanodes (Fig. S15 †) , albeit at lower efficiency (3.08 mA cm À2 z 3.8%).
Hydrogen treatment of the large-area BiVO 4 photoanodes was done in a rapid thermal processing (RTP) system, since the electrodes do not t in our regular tube furnace. Although the onset potential is shied cathodically (see Fig. 9a ), the photocurrent at 1.23 V RHE does not improve with hydrogen treatment. Further optimization of the RTP process is needed in order to obtain the same level of improvement as for the small area BiVO 4 photoanodes.
Conclusions
In summary, we have demonstrated a large area (50 cm 2 ) PEC-PV water splitting device based on a W:BiVO 4 top absorber and a silicon heterojunction bottom absorber and discussed the challenges encountered during scale-up of this system. Spray pyrolysis was used to fabricate 50 cm 2 W:BiVO 4 photoanodes of uniform thickness and quality. However, the photoelectrochemical performance of the large area photoelectrode was signicantly lower than the small area equivalent. We found that only 10% of the voltage drop in the large area system is due to ohmic losses in the FTO substrate, while using a 2.0 M instead of 0.1 M buffer concentration in the electrolyte can increase the photocurrent by up to 40%. Both of these factors do not affect the performance of the small area electrode. We mitigated these losses by depositing metallic Ni lines onto the FTO substrate prior to the W:BiVO 4 deposition and by increasing the electrolyte (KP i buffer) concentration. The Ni lines signicantly improved the uniformity of the electrodeposited CoP i and resulted in an AM1.5 photocurrent of $1.5 mA cm À2 at 1.23 V vs. RHE for a 50 cm 2 CoP i /W:BiVO 4 photoelectrode. The main bottleneck, however, is the low concentration of H + /OH À reactant species in pH-neutral solutions. This leads to poor conductivity and rapid depletion of these species in the electrolyte, which causes pH changes and potential drops up to 500 mV at a current density of 3 mA cm À2 . Despite these losses, a STH efficiency of 2.1% was achieved for a combination of two large area CoP i /W:BiVO 4 photoanodes in a dual photoanode conguration, connected in tandem to two series-connected SHJ solar cells. Although this efficiency is the highest reported thus far for large area (>10 cm 2 ) unassisted solar water splitting based on metal oxide photoelectrodes, it is still a factor of 3 lower than the 5.5% STH efficiency that we achieved in this study for the corresponding small area device. Reduction of these scale-up losses requires either strongly acidic or alkaline solutions to avoid local pH gradients, or innovative engineering solutions in the device design that allows the use of pH-neutral solutions.
Experimental

Masking and pre-treatment of the large area FTO substrates
Prior to electrodeposition, the 7 Â 12 cm 2 TEC 7™ FTO substrates were cleaned thoroughly with soapy water (10 vol% Triton-X™), ethanol, and then dried under a ow of compressed N 2 . The substrates were then masked with Kapton® tape for the deposition of 7 cm long, 2 mm wide conducting Ni lines. The lines were separated by the width of the tape (0.9 cm). To improve the adhesion of the electrodeposited Ni lines, the masked FTO substrates were treated with a chemical reduction process, described in more detail elsewhere. 55, 56 Briey, masked FTO substrates were immersed in 1.0 M glycine ($99%; Aldrich), 0.5 M FeSO 4 $7H 2 O ($99%; Aldrich) in deionized water was adjusted to a pH $2.5 using H 2 SO 4 and NaOH. The masked FTO substrates were immersed in the solution horizontally for 3 min (FTO-side facing upwards). Zn powders (mesh 100) were then uniformly dispersed over the FTO and allowed to settle on the surface for 10 min, during which hydrogen bubbles evolved. The substrates were then removed and washed with a fast jet of deionized water. This resulted in the formation of a shiny adherent intermetallic lm consisting of Fe x Sn y on the surface of the unmasked regions of the FTO.
Electrodeposition of Ni lines
The electrochemical deposition of Ni lines was performed in a three-electrode electrochemical cell using a VersaSTAT 3 potentiostat/galvanostat (Ametek). The pre-treated masked FTO acted as the working electrode and a Pt wire served as the counter electrode. An Ag/AgCl reference electrode was used (XR300, saturated KCl, Radiometer Analytical). Ni was electrochemically deposited under galvanostatic conditions at a current density of À5 mA cm À2 (an absolute current of À50 mA for our typical masked FTO sample) for 900 s. 6 from 5% w/v in ethanol (99.8%, Alfa Aesar). 6 The solvent consists of a 10 vol% of acetic acid in absolute ethanol. For the fabrication of 0.24 cm 2 photoanodes a spray rate of 1-1.5 mL per spray cycle was used. For the 50 cm 2 photoanodes, the spray rate was adjusted to 2-2.5 mL per spray cycle by increasing the carrier gas pressure. The increase in spray rate enlarged the area covered by the mist generated by the spray nozzle, and ensured a homogeneous deposition over larger areas (Fig. S7 †) . Each spray cycle consisted of 5 s of spraying, followed by a 55 s of pause to allow solvent evaporation. This cycle was repeated 180 times using a home built automatic spray controller. The overall volume of precursor used was $180 mL for a 0.24 cm 2 sample and $360 mL for a 50 cm 2 sample. Special precautions had to be taken to prevent cracking and damage to the large area substrates. Specically, the substrates were heated to 450 C at a slow ramp rate of 5 C min À1 . Furthermore, droplet formation around the edge of the substrate was a major cause of large area substrate breakage/cracking and this could be avoided by positioning the nozzle 20 cm above the substrate. Aer deposition the samples were cooled gradually to room temperature by turning off the heater plate, followed by annealing in air (box furnace) for 2 hours at 460 C, using a heating rate of 5 C min À1 .
Hydrogen annealing of W:BiVO 4 photoanodes
The small area W:BiVO 4 photoanodes were annealed in hydrogen at 300 C for 10 minutes to improve the carrier lifetime. 54 This was done by owing a mixture of 2.4% H 2 /97.6% Ar (Arcal10, Air Liquide) into a tube furnace using a ow rate of 100 cm 3 (STP) min À1 . A heating ramp rate of 5 C min À1 was used. The large area W:BiVO 4 photoanodes were annealed using an AS-One 100 Annealsys rapid thermal processor (RTP) using the same conditions.
Encapsulation of large area photoanodes
To make electrical contacts to the 50 cm 2 BiVO 4 photoanodes the edge of the samples were etched with conc. HCl to expose the underlying FTO. Ag paste was then applied to the exposed FTO and contacted with copper tape. The edges of the photoanodes were sealed with RTV-1 silicone rubber (Scrintec®), to prevent cracking of the glass substrate and leakage of electrolyte. To improve the adhesion of the electrodeposited metal lms (i.e., Ag, Pt), the masked FTO substrates were treated with the chemical reduction process mentioned above in order to obtain an intermetallic Fe x Sn y lm.
The consecutive electrochemical deposition of Ag (2 mm) and Pt ($5 nm) lms onto FTO was performed with the same setup as used for the deposition of the Ni lines (vide supra). Ag was electrochemically deposited under galvanostatic conditions with a current density of À5 mA cm À2 for 1200 s. The electrolyte for the electrochemical bath was purchased from a commercial supplier (Wilaplat) and consisted of 30 gL À1 of Ag, and 120 gL À1 of cyanide salts. The bath was heated to 40 C and stirred during the electrochemical deposition. Aer Ag electrodeposition, samples were cleaned with deionized water and transferred to a second electrochemical bath consisting of H 2 PtCl 6 (1 gL À1 ) and HCl (0.1 M). Pt was electrochemically deposited under galvanostatic conditions with a current density of À1 mA cm À2 for 600 s, resulting in the nal electrode structure of SiO 2 /FTO/ Ag/Pt (Fig. S16 †) . The large area Pt electrodes were then cleaned with deionised water. Small area electrodes (0.24 cm 2 ) were fabricated by cutting the 3.2 Â 7 cm 2 FTO/Ag/Pt samples into smaller segments, sealing with Scrintec® RTV-1K Silicone Rubber and creating an exposed electrocatalytic area with a 5.5 mm-diameter rubber O-ring. To restrict the electrolyte volume to the exposed area of the electrodes (Fig. S13D †) , a 2 cm long polypropylene pipe with a 5.5 mm inner diameter was attached to two small electrodes using the Scrintec® Silicone Rubber. Three 2.5 mm diameter holes were made through the tube walls at both ends and the middle for gas/electrolyte removal and electrolyte inlet, respectively (see Fig. S13D †) .
I-V measurements of 2Â FTO/Ag/Pt electrodes
The electro-catalytic properties of the FTO/Ag/Pt electrodes with different areas (0.24 cm 2 or 40 cm 2 ) were measured using a two-electrode set-up. An FTO/Ag/Pt sample acted as the counter electrode and the other FTO/Ag/Pt sample as the working electrode. The electrodes were positioned precisely parallel to each other at a distance of 2 cm. In the so-called 'un-restricted' cell ( Fig. S13B †) , Pt electrodes were immersed in a 1.5 L volume of either 2.0 M KP i , pH 7 or 0.6 M KOH, pH $13 electrolyte. In both cases, the electrolyte conductivity was the same, i.e., 130 mS cm À1 at 25 C. For the small area (0.24 cm 2 ) 'restricted' cell ( Fig. S13C †) ca. 1 mL of electrolyte was used. Prior to measurements, the samples were conditioned by performing 10 J-V cycles from À0.3 to +3.0 V vs. Pt with a scan rate of 10 mV s À1 . Measurements of the I-V curves were conducted from À0.1 to +3.5 V vs. Pt with a scan rate of 10 mV s À1 . To validate the reproducibility of these data, the measurements were repeated 5 times.
Fabrication, encapsulation and characterization of the PV modules
To prepare interconnected PV modules, silicon heterojunction (SHJ) solar cells were processed at PVcomB. First, wetchemically textured (KOH) and RCA-cleaned Cz-Si wafers were laser-cut into 1 Â 1 cm 2 or 5 Â 5 cm 2 pieces and, subsequently, RCA-cleaned again. They were then processed by the following steps: (1) plasma enhanced chemical vapor deposition of i/p and i/n amorphous silicon thin lms on each side of the n-type wafer to form hole and electron selective contacts, respectively, (2) sputter deposition of the front and rear TCO (ITO), and (3) screen printing of silver contact gridlines onto the TCO. The grid dimensions were optimized for the relatively modest (compared to normal PV operation) current densities expected for a PEC-PV tandem conguration with a BiVO 4 top absorber. Mini modules were then fabricated from two or three cells, ipped in polarity and glued on a metal coated glass substrates using conductive adhesive to interconnect the cells. Lowtemperature soldering of connectors onto the Ag grid was done for the front contacts. Finally, encapsulation was completed by laminating a low-iron front glass with ethylene vinyl acetate (EVA) foil on top, producing a rigid module which can be placed into the window of the custom made PEC-PV cell. Current density vs. voltage (J-V) curves for solar cells were performed using a class-AAA, calibrated solar simulator operated at standard-test-conditions (STC, 25 C, 1000 W m À2 ). While energy conversion efficiencies of around 20% are normally achieved with the PVcomB process for non-cut, noninterconnected cells, the performance of the mini-modules here is considerably lower (Fig. S17 and Table S1 †). This is due to (1) edge damage due to the laser cutting process, which degrades all J-V parameters in particular for such small cells, and (2) additional series resistances due to the cell interconnections, which reduce the ll factor. As a result, the mini modules exhibit conversion efficiencies in the range of 13-15% of 50 cm 2 under AM 1.5 G illumination.
PEC performance measurements
Large area BiVO 4 photoanodes were placed in a custom made cell 57 with an illumination area of 50 cm 2 (see Fig. S11 , S18 and S19 †), whilst small area devices were tested in a custom made Teon cell with an illumination area of 0.24 cm 2 . 39 Photoelectrochemical measurements were conducted using an EG&G Princeton Applied Research 273A potentiostat in a threeelectrode conguration with the BiVO 4 lm as the working electrode, and an Ag/AgCl reference electrode (XR300, saturated KCl, Radiometer). A platinum wire was used as the counter electrode for small area cells, while two 2 Â 10 cm 2 platinum coated mesh electrodes, one on either side of the working electrode, were used as counter electrodes for the large area devices. A WACOM Class AAA solar simulator (WXS-50S-5H) was used as the illumination source (AM1.5G, 100 mW cm À2 ). This light source generates a collimated illumination area of 10 Â 10 cm 2 , in which only #2% variation of the photon ux and power density was observed (see ESI Fig. S20 and Table S2 †). KP i buffer (pH 7) was used as the electrolyte for the PEC measurements with a concentration ratio of KH 2 PO 4 : K 2 HPO 4 of 1.63 : 1. To test for the inuence of electrolyte conductivity on the PEC performance of the photoanode, different KP i solutions consisting of a total phosphate concentration of 0.1-2.0 M (pH 7), and sodium sulfate (Na 2 SO 4 ) solutions consisting of a total sulfate concentration of 0.125-2.0 M (pH 7) were used. The conductivity of electrolyte at each concentration was measured using a conductivity meter (LF 96, WTW). 0.1 M and 2.0 M KP i electrolyte solutions were used for the PEC measurements of the small area and large area systems, respectively. In several PEC measurements, sodium sulte (Na 2 SO 3 ) was used as a hole scavenger. All measurements were conducted at room temperature with nitrogen gas bubbling through the electrolyte to agitate and remove the hydrogen and oxygen gases generated during illumination. All potentials were measured versus Ag/ AgCl potential (E Ag/AgCl ) and converted to the reversible hydrogen electrode (RHE) scale using the Nernst equation: E RHE (V) ¼ E Ag/AgCl (V) + 0.0591 Â pH + E 0 Ag/AgCl (2) here, E RHE is the applied potential versus RHE and E 0 Ag/AgCl is the potential of the reference electrode (0.198 V RHE at 25 C). All J-V curves were recorded with a scan rate of 10 mV s À1 .
Unassisted PEC-PV water splitting devices were characterized using the same large area custom-made PEC-PV cell. The cell consists of two windows at the front and rear with an illumination aperture of 50 cm 2 . The system is designed in a modular fashion so that the 7 Â 12 cm 2 front and rear quartz windows can be replaced with large area BiVO 4 photoanodes and/or the encapsulated 2 SHJ PV module. The Pt mesh counter electrodes were located in the same electrolyte compartment at both sides of the photoelectrode, so that they do not block the light path (see diagram in Fig. 8 , S18 and S19 †). The (photo)current and the voltage between the working and counter electrodes of the PEC-PV devices were measured with two Keysight 34461A digital multimeters.
